place is lacking. A clue has come from the discovery that the SpoIIE phosphatase, which is an integral membrane protein, localizes to the polar septum (Arigoni et al., Introduction 1995). Conceivably, this localization plays a role in linking the activation of F to the formation of the polar A fundamental issue in developmental biology is the question of how a transcription factor is activated in a septum and in restricting the F activity to the forespore. Here, we report the discovery of an additional feature of cell-specific manner. A primitive developmental system in which this question can be addressed experimentally the F pathway that could contribute to the cell-specific transcriptional activation. We have found that free is the activation of the transcription factor F during spore formation in the bacterium Bacillus subtilis (StraSpoIIAB is susceptible to proteolysis and that it is partially protected from degradation by complex formation gier and Losick, 1996). A hallmark of sporulation is the formation of an asymmetrically positioned septum, with F or SpoIIAA. Proteolysis requires a determinant located near the extreme C terminus of SpoIIAB and which partitions the developing cell (or sporangium) into unequal-sized progeny called the mother cell (the larger occurs in a manner that depends on the ClpCP protease. Using a series of SpoIIAB mutants, we present evidence cell) and the forespore.
F
, which is activated in a cellspecific manner during sporulation in B. subtilis, is nally, SpoIIE is a PP2C-like, phosphoserine phosphatase that dephosphorylates SpoIIAA-P (Duncan et al., initially held in an inactive complex by the anti-factor SpoIIAB. The anti-anti-factor SpoIIAA reacts with 1995; Arigoni et al., 1996; Feucht et al., 1996) . Figure 1B depicts the relationship among the four proteins of the SpoIIAB· F to induce the release of free F and free SpoIIAB. We now report that free SpoIIAB is subject F pathway as a cycle that revolves around the phosphorylation and dephosphorylation of SpoIIAA, with spurs to proteolysis and that it is protected from degradation by F in the SpoIIAB· F complex and by SpoIIAA in representing the dissociation of the SpoIIAB(ATP)· F complex and the formation of the SpoIIAB(ADP)·SpoIIAA an alternative complex. Proteolysis requires residues located near the extreme C terminus of SpoIIAB and complex.
Much is known about the interactions depicted in the is dependent upon the ClpCP protease. The reaction of SpoIIAA with SpoIIAB· F and the resulting degradacycle, but a detailed understanding of how F is released from SpoIIAB at just the right time and in just the right tion of newly released SpoIIAB could set up a selfreinforcing cycle that locks on the activation of F .
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F is produced shortly after the start of sporulation (in the predivisional sporangium) but that the activation of F is closely correlated with the susceptibility of the anti-factor to proteolysis. Our finddoes not become active in directing transcription until after asymmetric division, with its activity confined to ings suggest that F is controlled by a self-reinforcing cycle involving the degradation of SpoIIAB generated the forespore. A pathway of the proteins SpoIIAB, SpoIIAA, and SpoIIE governs the activation of promoter was inserted into the chromosome at the amyE ) accumulated to similar levels by hour 2 of sporulation whether spoIIAB was present at effective in doing so than was SpoIIAA (Figure 2 , lanes 5 and 6). Taken together, our results are consistent with its normal location in the spoIIA operon or at amyE in a strain that harbored an in-frame deletion of spoIIAB at the idea that free SpoIIAB is unstable and that it is protected from proteolysis (at least partially) when it is spoIIA (Figure 2, lanes 1 and 2) . Thus, the accumulation of SpoIIAB was not measurably influenced by the chroin a complex with SpoIIAA or IPTG was washed away from the culture shortly after Is Subject to Proteolysis induction (data not shown) suggest that proteolysis of To investigate whether SpoIIAB and SpoIIAB-S139stop
SpoIIAB accelerates as cells enter stationary phase. differ in their susceptibility to degradation, we deterProteolysis is not, however, under sporulation control, mined the half-life of the proteins by a pulse-chase exas a similar pattern of SpoIIAB disappearance was obperiment in cells harboring either spoIIAB or spoIIABserved when transcription of spoIIAB was induced in S139stop at amyE and lacking the spoIIA operon. Figure  cells that harbored a mutation in spo0A or spo0H ( Figure  3 shows that wild-type SpoIIAB was unstable in the 4B, middle panels), regulatory genes that govern entry absence of SpoIIAA and F , exhibiting a half-life of about into sporulation (Stragier and Losick, 1996). 28 min, whereas SpoIIAB-S139stop was almost completely resistant to proteolysis.
Missense and Nonsense Mutations near the 3 End of spoIIAB Uncoupling SpoIIAB Degradation from Sporulation
To study the degradation of SpoIIAB independent of Because the removal of eight residues from the C terminus of SpoIIAB prevented degradation, we anticipated sporulation, we expressed spoIIAB during growth. The gene was placed under the control of an IPTG-inducible that the signal for proteolysis was located, at least in . With the expectation that the activation included a missense mutation (C145E) and a nonsense mutation (C145stop) at the penultimate codon. The exof F might be directly linked to the instability of SpoIIAB, F activity in each of the alanine substitution mutants pression of both spoIIIG-lacZ and spoIIQ-lacZ was decreased in these mutants ( Figure 6B ). Finally, class IV was measured using lacZ fusions to two genes under the control of F : spoIIIG, a weakly expressed gene (repmutations caused a strong block in F activation ( Figure  6B ). These included the six nonsense mutations extending resenting a relatively sensitive measure of impaired F activity) and spoIIQ, a relatively strongly expressed from codon 144 to codon 139, the original nonsense mutation (S139stop) of Garsin et al. (1998b). Because gene. However, none of the alanine substitution mutants was measurably impaired in F activation as judged by the nonsense mutation at codon 144 was as effective as all of the other upstream nonsense mutations in imeither fusion. Indeed, three of the mutants (K136A, L138A, and N146A) exhibited higher than normal levels pairing F activation and because none of the glutamate codon substitutions upstream of codon 144 had a meaof F activity (data not shown). We reasoned that the individual alanine substitutions surable effect on F activity, we conclude that the amino acids in the C-terminal region of SpoIIAB that are most might not have been sufficient to prevent recognition by the protease(s). Moreover, the K136A, L138A, and important for the activation of F are L144, C145, and N146. N146A substitutions might have increased the susceptibility of SpoIIAB to proteolysis, quite possibly by a system unrelated to the one that is normally responsible
The Stability of SpoIIAB Correlates with F Activity and Sporulation Efficiency for degrading SpoIIAB. We therefore introduced more severe alterations into SpoIIAB by creating nonsense Next, we asked whether the newly created SpoIIAB mutants were altered in their susceptibility to proteolysis. mutations and glutamate codon missense mutations at each of the last 11 codons. Glutamate was chosen
The degradation of SpoIIAB in cells engineered to produce the protein during growth provided a convenient because three of the residues near the C terminus of SpoIIAB are positively charged. system for investigating the stability of the mutant proteins. We induced the synthesis of mutant SpoIIAB proTen of the eleven nonsense mutations and five of the glutamate missense mutations affected F activation, teins during growth and then monitored the accumulation of the proteins at various times after the addition with the mutants falling into four classes ( Figure 5A ). Class I mutations, which included the alanine missense of inducer by immunoblot analysis. Little accumulation An important conclusion that emerges from this analyand L144E, which resulted in SpoIIAB variants that were only slightly more stable than the wild-type, lowered sis is that the effect of each mutation on the stability of SpoIIAB closely correlated with the effect of the mutaexpression of the weakly transcribed spoIIIG-lacZ fusion about 2-fold but did not significantly impair expression tion on the activation of F ( Figure 6B ) and on sporulation efficiency ( Figure 6C) . Thus, the class II mutations N146E of the strongly transcribed spoIIQ-lacZ fusion. Both mu-tations had at most only a mild effect on sporulation. lane 3). As an internal control, we built partially diploid strains harboring spoIIAB and spoIIAB-S139stop. TakOn the other hand, the class III mutations, C145E and C145stop, which resulted in somewhat more stable variing advantage of the difference in electrophoretic mobility between the products of the two genes, we were ants of SpoIIAB, markedly impaired expression of the spoIIIG-lacZ fusion and moderately inhibited expression able to monitor the accumulation of the wild-type and the mutant protein in the same cells. The results showed of the spoIIQ-lacZ fusion. These two mutations caused a modest defect in sporulation. Finally, the class IV muthat SpoIIAB-S139stop but not wild-type SpoIIAB accumulated in clpC ϩ cells whereas both proteins accumutations, S139stop and L144stop, which resulted in the most stable variants of SpoIIAB, caused a pronounced lated to similar levels in clpC⌬ cells ( Figure 7B , lanes 4 and 5, and Figure 7C) . In other work, we found that the inhibition of both spoIIIG-lacZ and spoIIQ-lacZ expression and also of sporulation. effect of clpC⌬ was specific to SpoIIAB, as the levels of SpoIIAA and The clpC⌬ mutation did not appreciably alter expression and clpE, which encode members of the Clp/Hsp100 of spoIIA-lacZ and spoIIE-lacZ (data not shown), gene family of Clp protease regulatory subunits; clpP, which fusions whose transcription is under the control of the encodes the proteolytic subunit of Clp proteases; lonA transcription factor (Spo0A) that governs entry into sporand lonB, which are both homologous to E. coli lon; ulation (Stragier and Losick, 1996). The clpC⌬ mutation ctpA and yvjB, which are both homologous to E. coli did, however, impair the induction of spoIIQ-lacZ, a retsp; and ftsH. The null mutations were introduced indiporter for F activity, as did mutations spoIIAB-S139stop vidually or in combination (in the cases of lonA and lonB and spoIIAB-L144stop, which resulted in stable variants and of ctpA and yvjB) into cells engineered to produce of SpoIIAB (data not shown). Thus, clpC⌬ seems to SpoIIAB during growth. We then monitored the accumuarrest sporulation after the activation of Spo0A but prior lation of SpoIIAB at intervals after the addition of IPTG.
to the activation of To create DAGB45 (spoIIA⌬::spc, amyE::spoIIAA⌬1-spoIIAB kan), lysis buffer (50 mM Tris [pH 7.5], 5 mM EDTA, 1 mM PMSF, 2.5 g/ ml leupeptin, 2.5 g/ml pepstatin, and 4 mg/ml lysozyme) followed RL1274 (spoIIA⌬::spc) was transformed with linearized pLD28 (Garsin et al., 1998b). DAGB48 (spoIIA⌬::spc, amyE::spoIIAA⌬1-spoIIABby incubation at 37ЊC for 20 min. 6 l of 10% SDS was then added, and the samples were boiled for 5 min. 540 l of KI buffer (50 mM S139stop kan) was created in an analogous manner except that pLD28 was modified by site-directed mutagenesis to create pLD28-Tris [pH 8.0], 150 mM NaCl, 0.5% Triton X-100, 1 mM EDTA, and 1 mM PMSF) was added followed by a 15 min incubation on ice. The S139stop. pQP52 was constructed to introduce the spoIIAA⌬1-spoIIAB cassette into thrC locus on the chromosome. The cassette samples were then spun at 4ЊC for 10 min. 1 l of affinity-purified anti-SpoIIAB (rabbit) antibodies was added into the supernatants, was isolated from pLD28 and subsequently cloned into BamHI cut pDG1664 (Gué rout-Fleury et al., 1995) . QPB453 (spoIIA⌬::spc::cat, and the samples were rotated at 4ЊC overnight. Then the samples were mixed with 40 l 50% protein A-sepharose (Pharmacia) and amyE::spoIIAA⌬1-spoIIAB-S139stop kan, thrC::spoIIAA⌬1-spoIIAB erm) was created by transforming QPB422 (spoIIA⌬::spc::cat, rotated at 4ЊC for 1 hr. The beads were washed three times with 500 l KI buffer. 40 l of SDS Sample Buffer was added, and the amyE::spoIIAA⌬1-spoIIAB-S139stop kan; a derivative of DAGB48) with linealized pQP52. To create DAGB55 (spoIIA⌬::spc, amyE:: samples were boiled for 5 min and run in 18% SDS-PAGE gels. The gels were fixed in 30% methanol, 10% acetic acid for 30 min. The spoIIAA-spoIIAB kan), chromosomal DNA from AB409 (Decatur and Losick, 1996) was transformed into RL1274 (spoIIA⌬::spc). DAGB79 gels were dried down and exposed to a phosphoimaging plate, and then the results were analyzed using a phosphoimager (Fuji). 
